Synthetic cannabinoids are manufactured clandestinely with little quality control and are distributed as herbal "Spice" for smoking or as bulk compound for mixing with a solvent and inhalation via electronic vaporizers. Intoxication with synthetic cannabinoids has been associated with seizure, excited delirium, coma, kidney damage, and other disorders. The chemical alterations produced by heating these structurally novel compounds for consumption are largely unknown. Here we show that heating synthetic cannabinoids containing tetramethylcyclopropyl-ring substituents produced thermal degradants with pharmacological activity that varied considerably from their parent compounds. Moreover, these degradants were formed under conditions simulating smoking. Some products of combustion retained high affinity at the CB1 and CB2 receptors, were more efficacious than CP-55,940 in stimulating CB1receptor mediated GTPγS binding, and were potent in producing THC-like effects in laboratory animals, while other compounds had low affinity and efficacy and were devoid of cannabimimetic activity. Degradants that retained affinity and efficacy also substituted in drug discrimination tests for the prototypical synthetic cannabinoid JWH-018, and are likely to produce psychotropic effects in humans. Hence, it is important to take into consideration the actual chemical exposures that occur during use of synthetic cannabinoid formulations in order to better comprehend the relationships between dose and effect.
JPET #238717
JPET #238717 Introduction A variety of synthetic cannabinoids are being synthesized, distributed and used as designer drugs to produce marijuana-like intoxication while evading drug detection by urinalysis and its associated legal consequences (Auwarter et al., 2009 ; European Monitoring Centre for Drugs and Drug Addiction, 2010; European Monitoring Centre for Drugs and Drug Addiction, 2015) . These novel chemicals are typically formulated into an herbal product of questionable composition for combustion and inhalation administration. More recently, synthetic cannabinoids have also been encountered in liquid solutions for use in aerosol delivery devices (i.e., e-cigarette-like "vaporizers"). Unfortunately, data on the chemicals in the final products is scant, as is systematic study of their pharmacological and toxicological effects (Adamowicz et al., 2013; Grigoryev et al., 2013; Kavanagh et al., 2013; Bell and Nida, 2015) .
Illicit manufacturers may have little knowledge, experience, or expertise in medicinal chemistry, and quality control often appears lacking. The chemical substituents used in the synthesis of new analogs appear relatively haphazard; failing to take into consideration chemical or metabolic stability, or other critical aspects involved in proper pharmaceutical chemistry.
Moreover, the bulk chemicals or formulations are often exposed to variable levels of temperature, humidity, light, and other factors that can cause formation of degradation products over time. For instance, combustion in the presence of plant material, fillers, and adulterants, or vaporization in the presence of solvents, can produce degradants that may profoundly influence what the user actually self-administers. Consequently, the product may contain ingredients, degradants, and impurities with unexpected pharmacological effects.
Between January and May of 2015, United States poison centers in 48 states reported receiving 3,572 calls related to synthetic cannabinoid use, a 229 percent increase from the 1,085 calls received during the same January through May period in 2014. The 2015 figures included a JPET #238717 spike of 1,501 calls in April, and 15 reported deaths, and inhalation use was involved in over 80% of these incidents (Law et al., 2015) . Analogous to the case of the "frozen addicts" resulting from inadvertent exposure to MPTP (Langston et al., 1983) , exposure to impurities or degradants in synthetic cannabinoid preparations are suspected to be responsible for a series of acute kidney injuries (Thornton et al., 2013) . A wide variety of synthetic cannabinoids, including XLR-11, UR-144, ADB-PINACA, AB-PINACA, AB-FUBINACA, and AB-CHMINACA, have been associated with adverse effects, including death (Lapoint et al., 2011; Hoyte et al., 2012; Thomas et al., 2012; Hermanns-Clausen et al., 2013; Thornton et al., 2013; Winstock and Barratt, 2013; Behonick et al., 2014; Koller et al., 2015; Law et al., 2015; Monte et al., 2014; Schwartz et al., 2015; Tse et al., 2014) , and have been added to the list of DEA Schedule I controlled substances (Federal Register, 2013; Federal Register, 2014; Federal Register, 2015a; Federal Register, 2015b) .
In the United States, over 20 indole-containing synthetic cannabinoids have been added to Schedule I. In response to these actions, the chemical diversity of this class of compounds continues to increase and further deviate from the chemical scaffolds with known cannabinoid receptor activity. For example, UR-144, XLR-11, and A-834735 contain a ketone-linked tetramethylcyclopropyl ring substituent which replaces the naphthalene ring system present in the prototypical analog, JWH-018. The tetramethylcyclopropyl ring system in these analogs is sterically-strained and prone to ring-opening (i.e., degradation) and thermolysis (Roberts and Landolt, 1965; Creary et al., 1977) . PB-22, for comparison, has an ester-linked quinolone ring system that has both thermolytic and metabolic lability. Because of the variation in chemical structure, volatility and stability, it remains to be determined what individuals are actually exposed to during use, and their pharmacological consequences. Thus, our objective was to identify the thermolysis products of these synthetic cannabinoids formed during heating under JPET #238717 6 aerobic conditions of use, and determine their pharmacological effects in laboratory animals.
These four parent compounds were chosen for analysis because they show thermolytic lability.
In addition, each of the compounds has been specifically banned by the U.S. DEA (Federal Register, 2015a and/or has been mentioned by users in experiential forums (e.g., www.drugs-forum.com).

Methods
Drugs and Chemicals
JWH-018 [1-pentyl-3-(1-naphthoyl)indole] and  9 -tetrahydrocannabinol (THC) were obtained from the National Institute on Drug Abuse (NIDA, Bethesda, MD) through the NIDA Drug Supply Program. 
(2,2,3,3-tetramethylcyclopropyl)-methanone) and PB-22 (1-pentyl-8-quinolinyl ester-1H-indole-3-carboxylic acid), as well as the ring open degradants of XLR-11 (1-[1-(5fluoropentyl)-1H-indol-3-yl]-3,3,4-trimethyl-4-penten-1-one), UR-144 (3,3,4-trimethyl-1-(1pentyl-1H-indol-3-yl)pent-4-en-1-one), and A-834735 (3,3,4-trimethyl-1-(1-((tetrahydro-2Hpyran-4-yl)methyl)-1H-indol-3-yl)pent-4-en-1-one), and the PB-22 3-carboxyindole metabolite (1-pentyl-1H-indole-3-carboxylic acid) were obtained from Cayman Chemical (Ann Arbor, MI).
N-Pentylindole and 8-hydroxyquinoline (8-OH-quinoline) were obtained from Toronto Research Chemicals. For the in vivo tests, the vehicle for all compounds was 7.8% Polysorbate 80 N.F.
(VWR, Marietta, GA), and 92.2% sterile saline USP (Butler Schein, Dublin, OH). All compounds were injected at a volume of 10 ml/kg. 
Animals
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The tetrad battery and drug discrimination experiments used adult, drug naïve male ICR mice (31-34g; Harlan, Frederick, MD) and male C57/Bl6J mice (20-25g; Jackson Laboratories, Bar Harbor, ME), respectively. All mice were housed singly in polycarbonate cages in a temperature-controlled (20-22 o C) environment with a 12-hour light-dark cycle (lights on at 6 a.m.) with ad libitum access to water. ICR mice received unlimited access to standard rodent chow and were tested no more than twice in the tetrad battery. Mice in the drug discrimination experiments were maintained at 85-90% of free-feeding body weights by restricting daily ration of standard rodent chow. The in vivo studies were carried out in accordance with federal regulatory guidelines and were approved by our Institutional Animal Care and Use Committee.
Apparatus
For the tetrad test battery in mice, spontaneous activity was measured in Plexiglas locomotor activity chambers (47 cm x 25.5 cm x 22 cm). Beam breaks (4 X 8 beam array) were recorded by San Diego Instruments Photobeam Activity System software (San Diego, CA) on a computer located in the experimental room. A standard tail flick device for rodents (Stoelting, Dale, IL) was used to assess antinociception. A digital thermometer (Physitemp Instruments, Inc., Clifton, NJ) was used to measure rectal temperature. The ring immobility device consisted of an elevated metal ring (diameter = 5.5 cm, height = 28 cm) attached to a metal stand.
Mouse operant chambers (Coulbourn Instruments, Whitehall, PA), housed within lightand sound-attenuating cubicles, were used in drug discrimination. Each chamber contained two nose poke apertures, with stimulus lights located over each aperture, and a house light. A food dispenser delivered 20-mg food pellets (Bioserv Inc., Frenchtown, NJ) into a food cup (with a light) centered between the two apertures. Experimental events were controlled by a computerbased system (Coulbourn Instruments, Graphic State Software, v 3.03, Whitehall, PA).
Experimental Procedures
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Pyrolysis A 5250T thermolysis/pyrolysis probe (CDS Analytical Inc., Oxford, PA) equipped with an autosampler turret was coupled to an Agilent 7000 triple quadrupole gas chromatography/mass spectrometry (GC/MS) system (Santa Clara, CA) for separation and identification of volatile chemicals liberated upon heating. Aliquots of XLR-11, UR-144, A-834735and PB-22 were dissolved in acetonitrile separately. Five g aliquots were then transferred into individual quartz capillary tubes (in triplicate), evaporated to dryness, and placed in the thermolysis/pyrolysis system's autosampler turret. The system transferred individual samples to the thermolysis/pyrolysis probe equilibrated at 50 °C, which was then rapidly heated to 800 °C (20 °C/sec) under an ambient (zero grade) air flow (a condition that approximates the burning end of a cigarette), and passed through a charcoal trap/desorption tube held at 50 °C.
The probe was held at 800 °C for 20 sec, and then air flow was switched to helium for 1.18 min, while the thermolysis/pyrolysis probe was returned to 50 °C and equilibrated. Subsequently, the charcoal desorption tube was rapidly heated to 300 °C, while the helium flow was diverted to the inlet of the gas chromatograph for separation and analysis of thermolysis products by full scan MS (m/z 50-550) using electron ionization (70 eV). The inlet of the gas chromatograph was set to 300 °C. The gas chromatograph capillary column (DB-1, 30m x 250 µm x 0.25 µm) was maintained at 40 °C during the transfer, then increased (1 min hold) at 10 °C/min to 300 °C (9 min hold), and then increased 15 °C/min to 325 °C (5 min hold). The helium carrier gas flow rate was 1 mL/min. During the gas chromatography temperature increase, the mass spectrometer acquired full scan data with unit resolution.
Radioligand Binding Competitive Displacement Assay
Transfected cell membrane preparations with human CB1 (hCB1) and human CB2 (hCB2) receptors (Perkin Elmer, Waltham, MA) isolated from a HEK-293 expression system were used This article has not been copyedited and formatted. The final version may differ from this version.
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for cannabinoid binding assays, as previously described (Zhang et al., 2010) . Briefly, binding was initiated with the addition of 40 fmol of cell membrane proteins to polypropylene assay tubes containing 0.62 nM [ 3 H]CP55,940 (ca. 130 Ci/mmol), a test compound (for displacement studies), and a sufficient quantity of buffer A (50 mM Tris•HCl, 1 mM EDTA, 3 mM MgCl2, 5 mg/mL BSA, pH 7.4) to bring the total incubation volume to 0.5 mL. Nonspecific binding was determined by the inclusion of 10 μM unlabeled CP55,940. All cannabinoid agonists were prepared from a 10 mM ethanol stock by suspension in buffer A. Following incubation at 30°C for 1 h, binding was terminated by vacuum filtration through GF/C glass fiber filter plates (Perkin Elmer), pretreated in 0.1% (w/v) PEI for at least 1 h, in a 96-well sampling manifold (Brandel, Gaithersburg, MD).
Reaction vessels were washed three times with ~2 mL of ice cold buffer B (50 mM Tris•HCl, 1 mg/mL BSA). The filter plates were air-dried and sealed on the bottom. Liquid scintillate was added to the wells and the top sealed. Liquid scintillation spectrometry was used to measure radioactivity after incubating the plates in cocktail for at least 30 min. Assays were done in duplicate, and results represent combined data from independent displacement curves.
Agonist-Stimulated GTP[ 35 S] Binding
G-protein coupled signal transduction (GTPγ[ 35 S]) assays of test compounds were conducted in an incubation mixture consisting of a test compound (0.25 nM−20 µM), GDP (20 μM), GTPγ[ 35 S] (100 pM), and the hCB1 and hCB2 membrane preparations described above (40 fmol) in a total volume of 0.45 mL of assay buffer (50 mM TRIS-HCl, pH 7.4, 1 mM EDTA, 100 mM NaCl, 3 mM MgCl2, 0.5% (w/v) BSA). Nonspecific binding was determined in the presence of 100 μM unlabeled GTPγS, and basal binding was determined in the absence of drug.
Duplicate samples were incubated for 1 h at 30 °C, and the bound complex was filtered from the reaction mixture as previously described and counted in a liquid scintillation counter.
Mouse Tetrad
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Each mouse was tested in a battery of four sequential tests, in which cannabinoid agonists produce a profile of in vivo effects (Martin et al., 1991) suppression of locomotor activity, decreased rectal temperature, antinociception, and catalepsy. Rectal temperature and baseline latency in the tail flick test were measured before injection. Subsequently, mice were injected intraperitoneally (i.p.) with vehicle or drug 30 min before being placed into individual activity chambers for a 10-min session, during which the number of photocell beam breaks was recorded.
Immediately upon removal from the chambers, tail-flick latency and rectal temperature were measured again. In the tail flick procedure, the mouse's tail was placed under an intense light (radiant heat) and the latency (s) to remove it was recorded. In order to minimize tail damage, a maximal latency (10 s) was employed. The ring immobility test occurred at 50 min postinjection. The amount of time the animals remained motionless on an elevated ring apparatus during a 5 min period was recorded. If a mouse fell off the ring during the catalepsy test, it was immediately placed back on and timing was continued for up to 9 falls. After the 10th fall, the test was terminated for the mouse. Six male ICR mice were tested with each dose (and vehicle) of each compound.
Drug Discrimination
Prior to the beginning of this study, one group of adult male mice (n=7) was trained to discriminate JWH-018 in a lever-press procedure in standard operant chambers. Dose effect curve determinations were completed with JWH-018, JWH-073, and THC, and antagonist tests were conducted with 0.3 mg/kg JWH-018 and the CB1 and CB2 antagonists rimonabant and SR144528, respectively . Subsequently, the response requirement was changed from lever presses to nose pokes. This change was necessitated by transition of all of the lab's mouse operant equipment to nose poke apertures and was not specifically related to this study. With the exception of the actual response (nose poke vs. lever press), all other procedural details remained the same This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on January 13, 2017 as DOI: 10.1124/jpet.116.238717 at ASPET Journals on January 15, 2017 jpet.aspetjournals.org Downloaded from and are described below. After acquisition of the nose poke response, substitution tests with ring open degradants of UR-144, XLR-11, and A-834735, and the 3-carboxyindole metabolite of PB-22 were conducted, followed by re-determination of a dose-effect curve for JWH-018. Doses of all compounds were tested in ascending order. Prior to each dose-effect curve, mice were re-tested with vehicle and 0.3 mg/kg JWH-018 to confirm continued accuracy in the discrimination task.
Briefly, mice were re-trained to respond on one of two apertures following i.p. administration of 0.3 mg/kg JWH-018 and to respond on the other aperture after i.p. vehicle injection. A food pellet was delivered after ten consecutive responses on the correct (injectionappropriate) aperture [i.e., fixed ratio 10 (FR10)]. Responses on the incorrect aperture reset the ratio requirement on the correct aperture. The double alternation sequence of JWH-018 and vehicle injections (e.g., drug, drug, vehicle, vehicle) was maintained. Fifteen min test sessions occurred no more than twice weekly, with training sessions occurring on intervening weekdays.
Procedures were similar to training, with the exception that 10 consecutive responses on either aperture delivered reinforcement. To be tested for substitution, mice must have met the following 3 criteria on the preceding day and during the previous training session with the alternate training compound (training drug or vehicle): (1) the first completed FR10 was on the correct aperture, (2) ≥ 80% of the total responding occurred on the correct aperture, and (3) response rate was ≥ 0.17 responses/s. Degradants (N-pentylindole and 8-OH-quinoline) and the 3-carboxyindole metabolite of PB-22 were assessed in a second group of male mice (n=6) trained to discriminate 5.6 mg/kg THC from vehicle. These mice were trained using methods and criteria described above for JWH-018 discrimination. Before testing with the PB-22 degradants and metabolite, substitution tests with a number of other synthetic cannabinoids had occurred. Data for these prior tests are not included in this study. binding) x 100%. Data were plotted as log(agonist) against response and analyzed with global nonlinear regression with a constrained "shared" basal value using GraphPad Prism 6.0.
Mouse Tetrad
Spontaneous activity was measured as total number of photocell beam interruptions during the 10-min session. For the purpose of potency calculation, it was expressed as % inhibition of activity of the vehicle group. Antinociception was expressed as the percent maximum possible effect (MPE) using a 10-s maximum test latency as follows: [(testcontrol)/(10-control)]x100. Rectal temperature values were expressed as the difference between control temperature (before injection) and temperature following drug administration (Δ o C). For catalepsy, the total amount of time (s) that the mouse remained motionless on the ring apparatus (except for breathing and whisker movement) was used as an indication of catalepsy-like behavior. This value was divided by 300 s and multiplied by 100 to obtain a percent immobility.
For compounds that produced one or more cannabinoid effects, ED50 was calculated separately using least-squares linear regression on the linear part of the dose-effect curve for each measure in the mouse tetrad, plotted against log10 transformation of the dose. ED50 was defined as the dose at which half maximal effect occurred. Maximal cannabinoid effect in each procedure was estimated as follows: 100% inhibition of spontaneous activity, 100% MPE in the tail flick, -6 °C change in rectal temperature, and 60% ring immobility.
Drug Discrimination
For each session, percentage of responses on the drug-associated manipulandum and response rate (responses/s) were calculated. For drugs that substituted for JWH-018 or THC, ED50 values were calculated on the linear part of the drug aperture selection dose-response curve for each drug using least squares linear regression analysis, followed by calculation of 95% confidence intervals (CI). Since mice that responded less than 10 times during a test session did not respond on either aperture a sufficient number of times to earn a reinforcer, their data were excluded from analysis of drug aperture selection, but their response rate data were included. Response-rate data were analyzed using repeated-measures ANOVA across dose. Significant ANOVAs were further analyzed with Tukey post hoc tests ( = 0.05) to specify differences between means.
JPET Fast Forward. Published on January 13, 2017 as DOI: 10.1124/jpet.116.238717 at ASPET Journals on January 15, 2017 jpet.aspetjournals.org Figure 1 shows chromatograms obtained during the thermolysis of synthetic cannabinoids demonstrating that volatility and thermal stability varied widely depending on chemical class and structural substituents. For example, the ketone-linked alkylindole JWH-018 showed high stability and volatility (>90% parent recovered) when rapidly heated to 800 C, while the esterlinked alkylindole PB-22 showed thermolytic lability such that no parent was recovered.
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Results
Thermolysis results
Specifically, PB-22 underwent complete thermolytic cleavage around the ester bonds to form the volatile degradants N-pentylindole and 8-OH-quinoline. The compounds containing tetramethylcyclopropyl ring systems (e.g., XLR-11, UR-144, and A-834735) were susceptible to thermally-induced ring-opening reactions that have previously been reported to occur during prolonged storage or heating Adamowicz et al., 2013 , Creary et al., 1977 . Figure 2 provides the structures of both the parent compounds and their thermolytic or metabolic degradants. (Table 1) .
Cannabinoid Receptor Binding and Agonist-Stimulated GTP[ 35 S] Binding
Compared to CP55,940, XLR-11, UR-144, and A-834735 had ~20-to 29-fold lower affinities at the hCB1 receptor, while retaining higher affinity at the hCB2 receptor that were more similar to affinity of PB-22 was comparable to that of CP55,940, while its hCB2 receptor affinity was ~5fold lower. However, unlike for the other parent compounds, its thermolytic degradants (Npentylindole and 8-OH-quinoline) and the 3-carboxyindole metabolite of PB-22 did not displace [ 3 H]CP55,940 binding to either hCB1 or hCB2 receptors at concentrations exceeding 1 M.
As expected, CP55,940 was an equipotent agonist at both cannabinoid receptors ( Figure   4 , Table 1 ), increasing GTP[ 35 S] specific binding by approximately 2-fold over basal levels at the hCB1 receptor and approximately 1.6-fold over basal levels at the hCB2 receptor. XLR-11, UR-144 and A-834735 ranged from approximately 6-to 76-fold less potent than CP55,940 at the hCB1 receptor and 1-to 31-fold less potent at the hCB2 receptor. While XLR-11 and UR-144 were similar to CP55,940 in efficacy for the hCB1 receptor, the efficacy of A-834735 was nearly twice that of CP55,940. Efficacies of all three parent tetramethylcyclopropyl compounds at the and 8-OH-quinoline) also failed to displace [ 3 H]CP55,940 from the hCB1 or hCB2 receptor, they were not further assessed in the GTP[ 35 S] assay.
Mouse tetrad effects
Parent compounds and the ring open degradants of A-834735, XLR-11 and UR-144 exhibited the complete profile of cannabinoid effects in the tetrad tests in mice, with each compound producing dose-dependent suppression of spontaneous activity, antinociception, hypothermia, and ring immobility ( Table 2 ). In contrast, the degradants and 3-carboxyindole metabolite of PB-22 were inactive in one or more tetrad test. For antinociception, hypothermia, and ring immobility, rank order potencies for A-834735, XLR-11, and UR-144 were generally consistent with affinities of these parent compounds for the CB1 receptor (A-834735 > XLR-11 ~ UR-144). While the potencies of XLR-11 and UR-144 were similar to those obtained with THC (i.e., overlapping confidence limits for most measures), A-834735 was ~2-to 26-fold more potent than THC (Table 2) . Opening the tetramethylcyclopropyl ring resulted in active compounds with substantially (2.4-to 59-fold) enhanced potency in all four assays (Table 2) . In contrast, a probe dose of 30 mg/kg of Npentylindole or the 3-carboxyindole metabolite of PB-22 did not produce cannabimimetic effects in any of the assays and 8-OH-quinoline produced dose-responsive decrease in locomotor activity and rectal temperature, but did not produce antinociception or ring immobility (Table 2) .
Their parent compound PB-22 was more potent than any of the other parent or degradant compounds tested in all four assays (Table 2) .
Drug Discrimination in Mice
Upon re-training in the nose poke procedure, JWH-018 continued to engender dosedependent substitution for the 0.3 mg/kg training dose ( Figure 5, top panel) . It had been previously shown that XLR-11 and UR-144 could fully substitute for THC in a THC discrimination procedure in mice, effects that were attenuated by rimonabant (Wiley et al., 2013) . In this study, the degradants of UR-144, XLR-11, and A-834735 fully and dose-dependently substituted for JWH-018 ( Figure 5, top panel) . Potencies for the degradants of UR-144 and XLR-11 were similar, but were 2-3-fold less than JWH-018, whereas the potency of the A-834735 degradant was 3-fold greater than JWH-018 (Table 3) 
Discussion
The chemical diversity of synthetic cannabinoids continues to increase as individuals pursue chemicals for intoxication that can avoid analytical detection and legal prosecution. The evolution of compounds has progressed from alkylindoles with literature or patent precedence, to carbazoles and other compounds with little or no pharmacological or toxicological information to support their use as cannabimimetic agents. Indeed, in some instances the range of substituents being used in synthetic cannabinoid analogs that have been seized and identified by law enforcement agents have been reported to be relatively unstable (e.g., tetramethylcyclopropyl ring systems such as that in UR-144, XLR-11 and A-834735), or to include potential carcinogens such as the aminonaphthalene substituents in N-1-naphthalenyl-1-pentyl-1H-indole-3carboxamide (NNEI) and N-1-naphthalenyl-1-pentyl-1H-indazole-3-carboxamide (MN-18) (Shevyrin et al., 2013; Uchiyama et al., 2014) . The increasing departure from compounds with literature precedent to compounds with no prior pharmacological characterization increases the likelihood of encountering unexpected adverse effects.
This study demonstrates that synthetic cannabinoid analogs not only vary significantly in chemical structure, but can also vary considerably in their thermolytic lability at a temperature (Thomas et al., 2013) . These degradants produced during combustion are being transferred into the main smoke stream where they can be inhaled and absorbed by the smoker. Notably, the thermolytic product of UR-144 and its metabolites have been observed in urine obtained from human patients admitted to hospitals with suspected drug intoxication. Indeed, while the parent compounds were detected as trace amounts in some urine samples, the hydroxylated/hydrated metabolite of the UR-144 pyrolysis product was detected in the majority of samples . These reports are consistent with results of the present study, suggesting that people are being exposed primarily to thermolytic or decomposition products during combustion of herbal material containing UR-144. While some of these decomposition products have been previously described and shown to possess cannabinoid receptor affinity and/or cannabimimetic activity, others are chemicals of unknown pharmacological or toxicological activity. For example, alkylindole compounds with fluorine at the terminal position of the alkyl chain, such as AM2201, also undergo dehalogenation (Donohue and Steiner, 2012; Thomas et al., 2015) , forming previously synthesized and tested compounds (JWH-018 and JWH-022) shown to have high affinity at cannabinoid receptors and to possess cannabimimetic activity (Wiley et al., 1998) . Thus, the exposure profiles for various synthetic cannabinoids during smoking may include chemicals that are dramatically different and This article has not been copyedited and formatted. The final version may differ from this version. JPET Fast Forward. Published on January 13, 2017 as DOI: 10.1124 at ASPET Journals on January 15, 2017 jpet.aspetjournals.org
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relatively unpredictable in structure, necessitating empirical testing in order to fully understand the relationship between exposure and effect.
Results from the in vitro and in vivo testing illustrate how chemicals that are produced thermolytically can have markedly different pharmacological properties compared to the compounds from which they are derived. Some of the thermolytic degradants lost cannabinoid receptor affinity, efficacy, and behavioral activity. For example, degradants of PB-22 (Npentylindole and 8-OH-quinoline) and its primary metabolite 3-carboxyindole did not bind to CB1 and CB2 receptors nor did they produce the profile of cannabimimetic effects in mice. The 3-carboxyindole metabolite has also been shown to be inactive at stimulating the CB1 receptor using a novel cannabinoid reporter assay (Cannaert et al., 2016) . Other PB-22 metabolites were active, but less potent than PB-22, in this assay. In drug discrimination, the 3-carboxyindole metabolite did not substitute for JWH-018 and the degradants did not substitute for THC. In contrast, the parent compound PB-22 had the greatest affinity for CB1 receptors of all of the indole-derived cannabinoids tested here. Further, it was relatively selective for the CB1 over the CB2 receptor in affinity and activity, stimulating GTP[ 35 S] binding at the CB1 receptor with high efficacy and failing to stimulate GTP[ 35 S] binding through the CB2 receptor at all but the highest concentration tested. These findings are in contrast to most of the alkyl indoles where equal or greater receptor affinity and potency in the GTP[ 35 S] binding assay is typically seen at the CB2 receptor. However, these results are consistent with data obtained in human CB1 and CB2 receptors using a FLIPR membrane potential assay, where PB-22 was unique among the alkyl indoles tested in being over 7-fold more selective for the CB1 receptor (Banister et al., 2015) . In vivo, PB-22 was potent in producing the profile of cannabinoid effects in mice and it substituted fully and potently for THC in rats trained to discriminate THC from vehicle (Gatch This article has not been copyedited and formatted. The final version may differ from this version.
and Forster, 2015). Together, these results clearly show that PB-22 is more potent than its degradants and metabolites.
In contrast, the tetramethylcyclopropyl open ring degradants had higher affinity, increased efficacy, and were more potent in producing cannabimimetic effects in laboratory animals than their parent compounds. Indeed, the ring open degradants of XLR-11, UR-144 and A-834735 had increased affinity and efficacy, and stimulated GTP[ 35 S] binding to a greater extent than CP55940, acting as "super agonists" in CB1-transfected cell lines (Grim et al., 2016; Wiley et al., 2017) . This observation is consistent with their derivation from WIN-55212-2, which has previously been shown to possess maximal efficacy in this signal transduction assay (Griffin et al., 1998) . Since THC acts as a partial agonist at the CB1 receptor in the GTP[ 35 S] assay, the increased efficacy of these synthetic cannabinoids and their thermolytic degradants may lead to rapid intoxication and difficulty in dose titration during consumption, even in seasoned cannabis users, which may account for the increased calls to poison control and emergency room visits after their consumption. Certainly, the in vivo data support the hypothesis that the ring open degradants are more potent than THC. While the potencies of XLR-11 and UR-144 for producing cannabimimetic effects in mice and THC-like discriminative stimulus effects in mice and rats (present study; Gatch and Forster, 2015; Wiley et al., 2013) were relatively similar to THC, their degradants exhibited potencies that were several-fold higher.
Indeed, the potencies of the ring open degradants of XLR-11 and UR-144 in the tetrad battery in mice and in drug discrimination were more similar to JWH-018 than they were to THC. Further, the ring open degradant of A-834735 was more potent than JWH-018 in drug discrimination. In previous studies, JWH-018 consistently has shown greater potencies than THC in several species, including mice Table 3 . Potencies for substitution in JWH-018 discrimination. 
Compound
